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Abstract 
The right determination of friction conditions at the tool-workpiece interface is a key aspect to take into account when 
simulating metal forming processes, and especially in incremental forming ones. In this work, the ring compression test is used 
in order to determine friction calibration maps for different metal alloys that are typically used in industrial practice of metal 
forming; the main results observed previously by other authors are confirmed, so it is concluded the necessity of using a friction 
calibration map for each material. Furthermore the differences and similarities in the behaviour observed are evaluated for all 
materials. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
In metal forming processes, both continuous and incremental, friction is an important factor to consider because 
of technical and economical reasons. The first one influences mainly the properties of the final product and the 
second one the additional energy consumption, the associated costs to eventual defects in formed parts and also due 
to tools wear. In bulk metal forming processes such as forging, some friction factor maps have been used based on 
the ring compression test, first proposed by Kunogi (1956) and subsequently developed by Male and Cockroft 
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(1965). These maps allow quantifying the friction factor along the contact area between parts and tools, by simply 
considering the decrease in internal diameter versus the reduction in height experienced by the workpiece during 
the forging process. 
At early stages these maps were considered to be only dependent of the workpiece dimensions. Further studies 
have demonstrated that these friction maps can depend also on the temperature and the strain rate, being the 
workpiece material another important factor to take into account. This is particularly important in incremental 
forming processes simulation such as Localized-Incremental Forging ones (LIF processes), where the right 
determination of operating conditions to consider in their simulation influences strongly to the obtained results, as 
it has been described by Camacho et al. (2011). Afterwards other methods have been developed, such as the double 
cup extrusion test, which main aim is also to evaluate the behaviour of lubricants used in metal forming. Some 
examples can be found in the investigations of Buschhausen et al. (1992) and more recently by Schrader et al. 
(2007) and Buchner et al. (2008). 
Lately, an interest in the evaluation of tribological properties of materials during forming is arising, as it is 
shown in the work of Gavrus (2012). The aim of the present work is the determination of friction factor maps by 
using the ring compression test with different alloys which are commonly used in the industrial practice; and the 
subsequent comparison of the curves to probe if there are important deviations among different materials, which 
will prevent the use of a unique and general map of friction curves for all materials.  
 
Nomenclature 
m friction factor 
i,0 internal diameter of the ring in the initial stage 
i,f internal diameter of the ring in the final stage for every reduction 
h0 initial height of the ring 
hf final height of the ring for every reduction 
2. Friction in bulk metal forming processes 
Friction in metal forming presents some differences to friction in most of the mechanical systems (gears, 
bearings and other components where there is relative motion of the surfaces involved). These cases are 
characterized by low contact pressures, low to moderate temperatures and good lubrication to minimize contact 
between components, as it was stated by Altan et al. (2004) and Groover (2010). 
In metal forming processes the operating conditions are different to those ones described above: high contact 
pressures along the tool-workpiece interface in order to plastically deform the part and often reaching high 
temperatures as well, especially in warm-hot forming. Moreover, contact pressures do not remain constant but they 
typically increase during the process. 
These operating conditions usually involve high friction coefficients, even when lubricant is used. Although in 
forming processes such as rolling friction is a necessary phenomenon for the right development of rolling 
operations, in most of cases friction is a factor to minimize for the following reasons:  
 The increase of forces and power required to develop metal forming processes 
 The slow up of the metal flow in the workpiece, which generates residual stresses and sometimes defects in the 
final product 
 The tools wear, which can lead to the loss of dimensional accuracy and consequently to the manufacture of 
defective parts and tool change. As tools in metal forming are usually expensive, this is a key point to consider. 
Friction and tool wear are more severe under hot forming conditions. 
If friction is high enough the adhesion phenomenon takes place. In metal forming, adhesion due to friction is the 
trend of two surfaces in relative motion to be tied instead of sliding. Because of this, the shear flow stress of the 
material is overcome, which can result in the displacement of the material at the interface by shear. 
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3. Ring Compression Test 
Among the different techniques and methods developed, the ring compression test is widely accepted as a 
general method to determine friction factors between surfaces in metal forming since years. In this method, the 
dimensional changes of the ring during the compression process are related to the friction factor at the interface. 
When a ring preform is compressed in the plastic field between flat platens, high friction factors result in inward 
material flows; however, low friction factors result in outward material flows. When friction is null along the 
contact surfaces, the inner and outer diameters are expanded like a compressed ring under homogeneous 
deformation. 
For a specific reduction in height there is a critical friction value where the inner diameter increases compared 
to the original one when the friction factor is low-medium, and decreases when the friction factor is high. Based on 
this effect, friction factors maps can be drawn, considering the percentage of decrease in internal diameter (Eq. 1) 
versus the percentage of reduction in height (Eq. 2) of the workpiece for each particular friction factor: 
100
0,
,0, (%) 
i
fiidiameter internal in decrease   (1) 
100
0
0
 (%) 
h
fhh
height in decrease    (2) 
The applicability of friction factors maps, obtained by means of the ring compression test, is to determine the 
friction factor (m) involved in actual metal forming operations; thus, when a material is formed using a particular 
lubricant, by measuring the internal diameter change of the ring for a specific reduction in height this parameter 
can be read directly from the map. Another advantage of the ring compression test is that the measurement of the 
force is not required, and that deformations of the ring are determined in a macroscopic level. This test can also be 
used to evaluate the behaviour of different lubricants under metal forming processes. 
Male and Cockcroft (1965) presented different maps according to several ring geometries, and they assumed 
each one of these maps to be valid for all materials and conditions. The most common aspect ratio of the ring 
dimensions is 6:3:2, which is named canonical aspect ratio; where the first number denotes the outer diameter, the 
second number is the inner diameter and the third one is the ring height. 
After the publication of this paper in 1965, a large amount of investigations have been conducted to evaluate its 
validity. In fact, further studies have showed that these maps do not consider other factors such as temperature, 
material properties or the velocity of the process, as it was described by Tan et al. (1998). Sofuoglu and Rasty 
(1999) developed one investigation to demonstrate the dependency of these maps with the material properties of 
the ring, and they obtained significant differences between curves belonging to two different materials under the 
same test conditions. They concluded that, despite ring compression test is an effective procedure to determine 
friction factors in metal forming processes where large deformation are involved, the use of generalized friction 
factor maps should be avoid because errors can be derived. To obtain reliable results, a specific map should be 
obtained for each material to be formed. 
4. Methodology 
4.1. Materials 
In this work, metallic alloys typically used in the industry are submitted to ring compression tests by simulation. 
By using these materials, different kind of components can be obtained by means of bulk forming processes. The 
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most common ones are: carbon steels, stainless steels and aluminum and copper alloys. Others, although less used, 
are experiencing a growing technological interest: titanium and nickel alloys. 
Based on this list and using the Unified Numbering System (UNS) together with classical nomenclature, the 
following metallic alloys are going to be considered: 
 Steel UNS G10450 (AISI 1045) 
 Stainless steel UNS S30400 (AISI 304) 
 Aluminum alloy UNS A92024 (AA2024-O) 
 Copper alloy UNS C11000 
 Titanium alloy UNS R56400 (Ti-6Al-4V) 
 Nickel alloy UNS N06600 (Inconel 600) 
4.2. Process conditions 
Dimensions and geometry of the ring are based on those used previously by Sofuoglu and Rasty in their 
experimental tests (1999). Ring geometry is the most commonly used in this kind of tests, the canonical aspect 
ratio; that is 6:3:2, where the first number indicates the outer diameter, the second one the inner diameter and the 
third one denotes the ring height. Based on this geometrical ratio, ring dimensions for all materials and different 
friction conditions are presented in Fig. 1a). 
 
a 
 
b 
 
Fig. 1. (a) ring dimensions; (b) contact properties definition. 
 
Upper and lower dies are cylindrical in shape, and their dimensions are 120 mm in diameter and 10 mm in 
height. Process conditions are assumed to be as follows: 20º C as working temperature (cold working) and 0.085 
mm/s of ram velocity (slow working conditions). 
4.3. Process simulation and obtained data 
The Finite Element Method (FEM) has become a powerful tool to solve numerical problems in engineering and 
particularly in metal forming field. The finite element software used in this work is DEFORM, concretely 
DEFORM-F2, that is a FE module for solving bi-dimensional problems, as in the case of ring compression test, 
where axial symmetry exists. During the modelling stage, dies and workpiece geometry, materials and process 
conditions are defined step by step. When assigning contact nodes between dies and workpiece, the friction factor 
is defined, which highly influence the obtained data (Fig. 1b). In this work, friction factor m is used due to the fact 
that metal forming process conditions are better approached by this friction model. The program is able to 
determine the geometrical state of the workpiece in every stage of the forming process and therefore the radial 
displacement of the inner face of the ring. The friction factor maps are drawn in graphs where the percentage of 
reduction in height is shown in the x-axis and the percentage of decrease in internal diameter is presented in y-axis. 
Negative values of the y-coordinate correspond to increase of inner diameter, while positive values of the y-
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coordinate lead to decrease in inner diameter. Displacement data in height and inner diameter are provided by the 
FE software in every step of the simulation for all the friction factors and materials considered. 
4.4. FEM model validation 
The numerical model has been validated by comparison with theoretical results obtained by De Pierre et al. 
(1972) for the canonical aspect ratio (6:3:2) by an analytical method. The comparison has been realized for all the 
materials; however, due to the dependency of the method with the material, only the results with bigger similarities 
(copper alloy) and bigger differences (titanium alloy) are presented in Fig. 2. Anyway, these differences are 
minimum for the friction coefficient most commonly used in cold forming. Results with both methods are in good 
agreement so the numerical model is validated. 
 
 
Fig. 2. FEM model validation with theoretical results, De Pierre et al. (1972). 
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Fig. 3. Friction factor maps for selected materials. 
5. Results and discussion 
5.1. Friction factor maps 
Next, the friction factor maps obtained for each material by FEM are presented in Fig. 3. 
5.2. Comparative graphs 
By looking at the friction factor maps for each material, some differences can be highlighted among them. In 
order to quantify better the differences, new graphs are shown for some friction factors (m = 0.00, 0.08, 0.18 and 
0.50). These graphs are presented in Fig. 4. 
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Fig. 4. Comparative graphs among materials for different friction factors. 
After the analysis of curves presented in Fig.4, it can be said that there are differences in results among 
materials. These differences are small for processes with low friction factors and increase with friction factor. 
Despite of this, it can be said that the curves trend for all materials is quite similar; that is, for low friction factors 
there exists an expansion of the inner diameter and for high friction factors the inner diameter decreases. The point 
of change in behaviour is located in the same region for all graphs (m = 0.18). 
In general, the titanium alloy (Ti6Al4V) is the one which presents the biggest differences compared to the rest 
of materials. These differences are especially significant when friction increases. On the other hand, the aluminum 
alloy (UNS A92024) presents identical behaviour than the copper alloy (UNS C11000) for low friction factors, 
being the behaviour completely different for the highest friction factor (m = 0.5). Important to note are also the 
similarities found between the nickel alloy (Inconel 600) and the stainless steel (UNS S30400), presenting a 
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coincidence quite important. Finally, for the two kinds of steels there are coincidences for low friction factors but 
the curves get separated when friction increases. 
6. Conclusions 
This study, based on the investigations of experimental ring compression tests developed by Sofuoglu and Rasty 
(1999), shows by means of finite element analysis the necessity of using individual friction factors maps for every 
kind of material to be formed in both industrial and laboratory testing applications. The use of a general map for all 
materials is not recommended. 
A similar trend for all metals considered in this work is observed (similarly to the original map presented by 
Male and Cockcroft (1965)). However this work demonstrates that if reliable and accurate results want to be found, 
this approach is not good enough because different curves are obtained depending on the material. 
Computer aided engineering systems are a useful tool to determine individual friction factor maps for each 
material with good accuracy. These CAE systems allow generating catalogues of friction factor maps for each 
particular material used in industrial practise. This fact simplifies the task of determining the friction factor when 
the material to be formed and the forming conditions are known. The right determination of friction conditions 
between tools and dies is especially critical when simulation of forming processes want to be developed according 
to real conditions. 
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